Identification and expression analysis of connexin-45 and connexin-60 as major
ABSTRACT: During mammalian oogenesis, intercellular communication between oocytes and the surrounding follicle cells through gap junction channels is crucial for oocyte development and maturation. The channel properties of gap junctions may be affected by the composition or combination of connexins, the expression of which is regulated by gonadotropins and other factors. Thus, identification and expression analysis of connexin genes in oocytes and follicle cells will help us to better understand how oogenesis and folliculogenesis are regulated in a species-specific manner in mammals. We previously reported the spatiotemporal expression of multiple connexin genes in porcine follicle cells. Here, we searched for connexin genes specifically expressed in porcine oocytes that may be involved in the formation of gap junctions between oocytes and follicle cells. To achieve this, we constructed an oocyte-specific cDNA library to identify which connexin genes are expressed in these cells and found that gap junction protein, alpha 10, which encodes connexin-60, and a porcine ortholog of mouse gap junction protein, gamma 1 encoding connexin-45, are the major connexins expressed in porcine oocytes during folliculogenesis. Immunostaining and in situ hybridization of sectioned porcine ovaries confirmed oocyte expression of these genes at 3 different stages of ovary development. Furthermore, their gap junction channel activity was assessed using a heterologous cell system. However, gap junction protein, alpha 4, which encodes connexin-37 and is expressed in the oocytes of several other mammals, was undetectable. We demonstrate that there is diversity in the connexin genes expressed in mammalian oocytes, and hence in the gap junctions connecting oocytes and cumulus cells.
INTRODUCTION
The essential role of gap junctions in mammalian folliculogenesis and oogenesis is well-established (Eppig, 1991; Kidder and Mhawi, 2002; Gershon et al., 2008) . Gap junction channels (GJC) are formed by the association of 2 hemichannels or connexons that are composed of 6 integral membrane proteins called connexins. Each connexin contains highly conserved domains as well as divergent domains that confer each member with unique properties (Goldberg et al., 2004; Meşe et al., 2007; Dbouk et al., 2009) . Moreover, each connexin has its own expression profile; some connexins are expressed ubiquitously, whereas others are limited to specific tissues or cell types (Cruciani and Mikalsen, 2006) . Therefore, knowing the identity and expression patterns of connexin genes in oocytes and follicle cells will help us to better understand how oogenesis and folliculogenesis are regulated in mammals.
Most studies with this aim have been carried out using rodents, such as mouse and rat. However, the mechanisms that control oogenesis and oocyte maturation differ between rodents and domestic animals (Fortune, 1994; Yokoo and Sato, 2004; Griffin et al., 2006) ; thus, GJC in the follicles and oocytes of domestic animals may have unique properties. Because the porcine ovary has been used as an experimental model for basic research and other applications, understanding how GJC are assembled in porcine follicles will be beneficial not only for the reproductive biology of domestic animals, but also for basic research in animal science. We previously reported the spatiotemporal expression patterns of multiple connexin genes in porcine follicle cells (Itahana et al., 1996; Itahana et al., 1998) , but connexin expression in oocytes has not been examined. This information is essential for understanding the function of GJC between porcine oocytes and follicle cells. Here, we focused on connexin genes specifically expressed in porcine oocytes.
MATERIALS AND METHODS
Mice were obtained and maintained in accordance to the NAIST Animal Ethical Committee.
Animals and Tissues
Ovaries obtained from 4-to 12-mo-old pigs at a local slaughterhouse were transported to the laboratory in Hank's balanced salt solution (Gibco/Invitrogen, Carlsbad, CA), supplemented with 50 U/mL of penicillin (Meiji Seika, Tokyo, Japan), 50 μg/mL of streptomycin sulfate (Meiji Seika), and 500 ng/mL of Fungizone (Gibco/Invitrogen) at 37°C. Ovaries removed from Balb/c mice (18 to 20 wk) were kept frozen until sectioning.
Preparation of Porcine Oocytes and Construction of cDNA Library
Porcine ovaries were removed and placed in NCSU23 medium (Petters and Wells, 1993) . Individual follicles at the antral stage were incised to release cumulus-oocyte complexes. Removal of cumulus cells was accomplished by gentle pipetting. We monitored the purity of recovered oocytes by microscopy. Total RNA was extracted using ISOGEN reagent (Nippon Gene, Tokyo, Japan), and genomic DNA was removed by digestion with a ribonuclease-free deoxyribonuclease, RQ1 (Promega, Madison, WI). The cDNA library was constructed using the SMART PCR cDNA synthesis kit (TaKaRa BIO, Shiga, Japan). The presence of clones in the cDNA library encoding growth differentiation factor 9 (GDF9), c-mos (MOS), and cytochrome p450 19 (CYP19) was examined by PCR using primers specific for the respective genes (Table 1) ; PCR was performed for 40 cycles of denaturation at 98°C, annealing at 55°C for 30 s, and extension at 72°C for 30 s. The expression of CYP19 in the ovary was confirmed by reverse transcription (RT)-PCR from total RNA isolated from porcine ovaries. Human placenta total RNA was obtained from TaKaRa BIO (CLN 636527).
PCR Cloning with Degenerate Oligonucleotides
The porcine oocyte-specific cDNA library was screened using 2 pairs of degenerate oligonucleotides (primers F1, F2, R1, and R2; F indicates forward primers, and R 
1 GDF9 = growth differentiation factor 9; MOS = c-mos; ZP3 = zona pellucida glycoprotein 3; CYP19 = cytochrome p450; GJA4 = gap junction protein, alpha 4; GJC1 = gap junction protein, gamma 1; GJA10 = gap junction protein, alpha 10; GAPDH = glyceraldehyde-3-phosphatedehydrogenase. Nitta et al. indicates reverse primers) corresponding to the regions conserved among the connexin family members (Itahana et al., 1996 (Itahana et al., , 1998 . Primer F1 [5′-ttcccc(a/g)t(c/g) tc(c/t)cac(a/g)t(c/g)cg-3′] corresponds to the aminoterminal region. Primer F2 [5′-cagcc(a/c/g/t)gg(c/t) tg(c/t)(a/g)a(c/g)aa(c/t)gtctg-3′] is complementary to a conserved AA sequence, VCYD, within the first extracellular domain. Primer R1 [5′-tgaaga(c/t)(a/c/g) (g/t)t(c/t)ttctc(g/t)gtggg-3′] matches a conserved sequence, VDCF, in the second extracellular domain, whereas R2 [5′-gtggg(c/t)ct(a/g)ga(a/g)a(c/t)a(a/t) a(a/g)caagt-3′] corresponds to the C-terminus of the same domain. To minimize probe degeneracy, not all of the possible sequence variations revealed in the alignment were represented in each probe. The RT-PCR mixtures (30 μL total in volume) contained 0.2 μg of RT product, 0.2 μM of F and R primer, and 200 μM deoxy-NTP with Taq Extended Buffer (Stratagene/ Agilent Technologies, Palo Alto, CA). AmpliTaq (2U; Perkin-Elmer, Norwalk, CT) and Taq Extender PCR Additive (2U; Stratagene) were added after reactions reached 94°C to minimize undesired priming during the initial cycle. Thirty cycles at 94°C for 30 s, 51°C for 2 min, and 72°C for 3 min were followed by a final extension step for 15 min at 72°C. Reaction products were separated and visualized by agarose gel electrophoresis. Products were subcloned into the pT7Blue-T cloning vector (Merck, Darmstadt, Germany) and subjected to DNA sequence analysis using an ABI3100 sequencer (Perkin-Elmer).
Amplification of Porcine GJA4, GJC1, and GJA10
Porcine gap junction protein, alpha 4 (GJA4), gap junction protein, gamma 1 (GJC1), and gap junction protein, alpha 10 (GJA10) were amplified using specific primers for each gene (Table 1 ) from a porcine genomic library (TaKaRa BIO) or our porcine cDNA library. For GJA4, a set of GJA4-A primers was designed based on HTC information (GenBank ID: DB812024 and AK234742), producing a product of the expected size of 262 bp. For GJC1, the GJC1-A primer set was used, producing the expected size product of 254 bp. For GJA10, the GJA10-A primer set produced a product of the expected size of 378 bp. Reactions for PCR were performed for 30 cycles of denaturation at 98°C for 30 s, annealing for 20 s at 54, 58, and 56°C for GJA4, GJC1, and GJA10, respectively, and extension at 72°C for 30 s. Restriction enzymes were obtained from TaKaRa BIO and used according to the manufacturer's instructions.
Amplification of GJA4 and GJC1 mRNA Expressed in Oocytes
Total RNA was isolated from purified oocytes in antral follicles as described above. The cDNA was synthesized from total RNA with a Superscript III first-strand synthesis kit for RT-PCR (Invitrogen). The primers used to detect GJA4, GJC1, and the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are listed in Table 1 : GJA4-C and GJC1-C. Polymerase chain reaction was performed for 45 cycles with denaturation at 95°C for 10 s, annealing for 10 s at 60°C and extension at 72°C for 8 s.
Screening and Cloning of Porcine GJC1
The porcine oocyte-specific cDNA library was screened with plaque lifts using the [ 32 P]-labeled GJC1 fragment (254 bp) as a probe (Ausubel et al., 1988) . A cDNA fragment with a sequence homologous to that of mouse Gjc1 was obtained using the degenerated primers F and R as described above. These fragments were labeled with [α-
32 P]deoxy-CTP (New England Nuclear/DuPont, Boston, MA) using random hexamers and the Klenow fragments (TaKaRa BIO) and used as the probe to screen for porcine GJC1.
Sectioning and Staining
Ovarian sections from pigs or mice were prepared for in situ hybridization and immunohistochemistry as described previously (Ausubel et al., 1988) . The removed ovaries were covered in optimum-cutting temperature embedding compound (Miles, Mishiwaka, IN) and snap-frozen in liquid nitrogen. Cryosections (10 μm thick) were prepared using a Cryostat HM500-OM (Micron/Osmonics, Westborough, MA), collected on silane-coated slides, and stored at −80°C until staining. Staining with 4′,6-diamino-2-phenylindole (DAPI) was performed using a cell-permeable fluorescent DNA binding probe (Sigma-Aldrich Inc., St. Louis, MO).
In Situ Hybridization and Probes
Procedures for the in situ hybridization using the sections prepared as described above were carried out essentially as described previously (Itahana et al., 1996) . For the preparation of each probe, DNA regions containing unique sequences of the respective porcine or mouse connexin genes were amplified using each B set of primers (Table 1) and subcloned into the RNA transcription vectors pBlue-script II SK (Stratagene) or pT7Blue T-vector (Novagen, Madison, WI). Complementary antisense or sense RNA probes were prepared by in vitro transcription of the linearized constructs using SP6 or T7 RNA polymerases in the presence of digoxigenin-UTP (Roche Diagnostics, Indianapolis, IN). After RNA polymerization, DNA templates were hydrolyzed with RQ1 DNase. Sections were stained by a digoxigenin detection kit (Roche Diagnostics).
Immunofluorescence Staining and Antibodies
Frozen sections were rehydrated in PBS to remove optimum-cutting temperature compound and blocked in PBS containing 5% skim milk. Incubation with anti-CX60, anti-CX37, or anti-CX45 antibodies was performed overnight at 4°C, followed by 3 washes in PBS (Itahana et al., 1996) . Bound antibodies were visualized with secondary antibodies conjugated to Alexa fluor 488 or Texas-red fluorescent dyes (Molecular Probes, Eugene, OR). Anti-CX37 antibodies were obtained from Alpha Diagnostics (San Antonio, TX; Cx37B-2-A: rabbit anti-rat Cx37). An anti-CX60 monoclonal antibody was prepared using the predicted CX60 C-terminal sequence ( 514 VCAEREGEKEREVNL 528 ; Itahana et al., 1998) . The sequence-specific recognition of the antibody was confirmed by preabsorption procedures. Anti-CX45 antibodies were purchased from Lifespan Biosciences (Seattle, WA; LS-C14572, monoclonal mouse anti-human Cx45) and from Millipore (Bedford, MA; AB1745, polyclonal rabbit anti-human Cx45).
Gap Junction-Mediated Intercellular Communication
Full-length coding sequences of porcine CX43, CX45, and CX60 were cloned from porcine genomic DNA by nested PCR using the corresponding primer sets (1 and 2) in Table 1 . The sequences flanking the coding region of CX43 (GenBank ID: AY382593) and CX60 (Itahana et al., 1998) were deduced from high-throughput genomic sequences of the porcine genome (GenBank ID: CU914424 and CU468058, respectively). Amplified DNA fragments were inserted into the XhoI-MluI sites of the pCX4puro or pCX4bsr retroviral vector (GenBank ID: AB086386 and AB086384, respectively), whose original XhoI sites were destroyed by filling-in with T4 DNA polymerase. A new XhoI site was introduced in each vector just upstream of the BstXI site of the multiple cloning site by PCR (ccagtgtggtgg: BstXI site → ctcgagtgtgg: XhoI site).
The constructed expression plasmids were transiently transfected into HeLa cells with lipofectamine LTX (Invitrogen). Transfected cells were plated at a density of 3 × 10 5 cells per well in 24-well plates and donor cells were labeled with 0.5 μM calcein acetoxymethyl ester, 10 μM 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI; Molecular Probes) in serum-free medium for 40 min at 37°C. Dye-coupling activity was assessed as described previously (Asklund et al., 2003) with a slight modification in that labeled cells were cocultured for 4 h at a ratio of 1:50 (donor:recipient).
RESULTS

Construction of a Porcine Oocyte cDNA Library
We purified about 3,000 oocyte/cumulus cell complexes ( Figure 1A ) and isolated total RNA. The quality of the RNA was examined by synthesizing cDNA by reverse transcription. Products longer than 5 kb were observed, generating a profile comparable with that obtained from human placental total RNA, indicating the presence of intact RNA from oocytes ( Figure 1B) . Using this RNA sample, we created a porcine oocyte cDNA library containing 1.6 × 10 6 independent clones. The library was validated by confirming the presence of clones for genes known to be expressed in mammalian oocytes, such as GDF9 and MOS, and the exclusion of clones for somatic cell-specific markers, such as CYP19 (Gray et al., 1996;  Figure 1C ).
Identification of GJC1 and GJA10 Clones in the cDNA Library
Next, we searched for connexin genes expressed in our porcine oocyte cDNA library. Two sets of degener- cDNA synthesized using RNA prepared from oocytes and control human placental RNA. Quality of isolated RNA was examined by measuring the size of the reverse-transcribed products on agarose gels. The templates used for cDNA synthesis are indicated at the top. C) Validation of the cDNA library. Our porcine oocyte cDNA library was validated by pulling out clones encoding oocyte-specific genes, such as growth differentiation factor 9 (GDF9) and c-mos (MOS), by PCR with gene-specific primers (Table 1) . M: size markers. D) The exclusion of clones encoding genes specific to somatic cells, such as cytochrome p450 19 (CYP19), was confirmed. The expression of CYP19 in somatic cells was examined by reverse transcription-PCR from total ovary RNA. ate oligonucleotide primers specific for domains common to the connexin family were prepared. Using this method, we previously identified multiple connexin genes expressed in porcine follicle cells (Itahana et al., 1996) . Amplification by PCR using these primers and the oocyte cDNA library as template produced distinct bands by agarose gel electrophoresis (Figure 2A ). Primers F2/R2 generated 2 bands, F2/R1 and F1/R2 produced a single major band, and F1/R1 did not amplify any detectable product (data not shown).
The products obtained from F2/R2 reactions generated 2 distinct bands encoding a portion of GJA10 (upper band) and a homolog of mouse Gjc1 (lower band), which encode the CX60 (Itahana et al., 1998) and CX45 (Baldridge et al., 2001) proteins, respectively. In contrast, the F2/R1 reaction generated a mixture of fragments encoding GJA10 and GJC1, whereas F1/R2 amplified only the GJC1 fragment. The clones identified as GJC1 or GJA10 are shown in Figure 2B . As porcine GJC1 had not been reported at the DNA or AA sequence, we screened a porcine genomic library for porcine GJC1 and cloned the entire coding region (DDBJ: AB470925).
Notably, we did not detect clones of GJA4, which encodes CX37. Because the pan-connexin primers we used might not have been efficient at amplifying porcine GJA4, we designed specific primers for porcine GJA4, GJA4-A (Table 1 ; Grapes et al., 2002) and attempted to amplify this transcript from the cDNA library, using the porcine genomic library as a control. We obtained a product of the expected size from the genomic library ( Figure 3A ) that showed the predicted AccI restriction digest pattern. However, no GJA4 product was obtained from the cDNA library, indicating that GJA4 is not expressed at detectable quantities in porcine oocytes. Because connexin genes are generally intronless within coding regions, it is possible to compare the products from cDNA and genomic libraries using common restriction sites. A faint band was seen using the cDNA library as a template, but this product differed in size from the expected band and could not be digested with AccI ( Figure 3A) , indicating it was a nonspecific product. In contrast, the cDNA and genomic libraries gave products of the appropriate sizes for GJC1 and GJA10 with the expected restriction digest patterns ( Figure  3A) , indicating the absence of GJA4 and the presence of GJC1 and GJA10 in our cDNA library.
To further confirm our findings, we directly analyzed the expression of GJA4 mRNA in porcine oocytes by RT-PCR using GJC1 as a positive control. The GJC1 appeared to be expressed in both the cDNA library and oocytes, whereas GJA4 was barely detected, confirming the above observations ( Figure 3B ).
Expression of GJC1/CX45 and GJA10/CX60 in Porcine Oocytes
Given the identification of GJC1 and GJA10 clones in our oocyte cDNA library, we examined their expression and that of GJA4 directly in porcine follicles using slices from porcine ovaries. First, the expression of these mRNA in porcine oocytes was examined by in situ hybridization ( Figure 4A ). We detected specific signals for GJC1 and GJA10 in oocytes at 3 different stages from pre-antral through antral follicles. However, little signal was obtained with the GJA4 probe, supporting the results of our cDNA screening. The GJA10 signal was also detected in cumulus and mural granulosa cells in antral follicles, as was previously reported (Itahana et al., 1998) .
The expression of CX45 and CX60 was further confirmed by immunohistochemistry. The CX45 signal was clearly detected in oocytes, but not in surrounding cells, including cumulus cells ( Figure 4B ). To examine CX60 expression, we prepared a monoclonal antibody against CX60 recognizing the extreme C-terminal sequence. The CX60 signal was detected at the boundaries between oocytes and cumulus cells, with faint signal also found in cumulus granulosa cells in antral follicles ( Figure 4B ). As the GJC activity of CX60 was unknown, we assessed it by a fluorescent dye-transfer experiment. To this end, we expressed CX60 and CX43 in HeLa cells, which do not endogenously express detectable quantities of connexin genes and therefore lack gap junction-mediated intercellular communication. When examined using a homotypic system of CX60 and a heterotypic system between CX60 and CX43 (Itahana et al., 1996; Kidder and Mhawi, 2002) , dye-coupling was verified in both systems ( Figure 5 ). However, CX45/ Figure 2 . Screening of connexin genes expressed in the oocyte cDNA library. A) Agarose gel electrophoresis of PCR products amplified with degenerate primers. The products obtained using combinations of degenerate primers were subjected to agarose gel electrophoresis with size markers as a reference. The F1 and R1 (with F indicating forward and R indicating reverse) did not produce any products and are not included here. The arrows indicate bands that were recovered and subjected to DNA sequence analysis. M: size markers. B) DNA sequence analysis and annotation of the PCR products. The PCR products obtained on agarose gels were extracted and subjected to DNA sequence analysis. The number of clones analyzed and those encoding gap junction protein, gamma 1 (GJC1) or gap junction protein, alpha 10 (GJA10) are shown. Color version available in the online PDF.
CX60 heterotypic channels did not show dye-transfer activity (data not shown). Because the expression of GJA4 was undetectable at the mRNA level using multiple methods, we did not examine CX37 expression at the protein level.
Comparative Analysis of Connexin Genes Expressed in Porcine and Mouse Oocytes
Because the expression profiles of CX37 and CX45 in porcine oocytes seemed to be unique among mammals in which the expression of CX37 has been well-established, we compared the expression of CX37 and CX45 in mouse and porcine oocytes by immunohistochemistry. The anti-CX45 antibody used was raised against a 14 AA residue portion of human CX45, which shares 92% sequence similarity with the mouse and porcine homologs. The expression of CX37 in mouse oocytes was easily observed, whereas little CX45/Gjc1 expression could be detected at the protein or mRNA level in mouse oocytes ( Figure 6A, 6B) . These results are consistent with previous reports (Wright et al., 2001; Kidder and Mhawi, 2002) .
DISCUSSION
The mammalian cumulus-oocyte complex is a model example of a multicellular structure that expresses multiple connexins and relies upon GJC for proper development. The expression of several connexins, including CX26, CX30.3, CX32, CX37, CX43, and CX57/CX60, has been reported in ovarian follicles of different species, including mouse, rat, pig, sheep, and cow (Itahana et al., 1996; Wright et al., 2001; Gershon et al., 2008) . The genes involved in folliculogenesis or oogenesis have been extensively analyzed using rodent systems (Kidder and Mhawi, 2002; Gershon et al., 2008) . For example, CX43 and CX37 in the mouse localize to the zona pellucida Figure 3 . Expression analysis of gap junction protein, alpha 4 (GJA4), gap junction protein, gamma 1 (GJC1), and gap junction protein, alpha 10 (GJA10). A) Detection of GJA4, GJC1, and GJA10 in porcine genomic and oocyte cDNA libraries. Primers specific for GJA4, GJC1, and GJA10, respectively, were prepared (A sets in Table 1 ) and used for PCR using the porcine and oocyte cDNA libraries as templates. The product of each connexin gene was treated with or without the following restriction enzymes and separated on agarose gels: AccI for GJA4 and GJC1, and SacI for GJA10. DW: distilled water. B) Expression analysis of GJC1 and GJA4 mRNA in porcine oocytes. The reverse transcription-PCR was conducted using RNA from porcine oocytes in antral follicles with specific primer pairs listed in Table 1 (C-set). Polymerase chain reactions using the oocyte cDNA library with the same primers were also carried out for the control. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal marker. Arrows indicate the expected mobility of each PCR product. Color version available in the online PDF. (Teilmann, 2005; Simon et al., 2006) and play critical roles in ovarian function (Veitch et al., 2004; Gittens and Kidder, 2005; Tong et al., 2006) . The absence of CX43 from granulosa cells or CX37 from oocytes is sufficient to inhibit the development of oocytes and follicles (Gershon et al., 2008) . Namely, the oocytes of mice lacking CX37 do not reach their normal size and are meiotically incompetent, inducing premature luteinization of granulosa cells. However, previous work showed that CX43 can substitute for CX37 in oocytes (Li et al., 2007) , indicating that CX37 may not be uniquely required to link oocytes and granulosa cells. This may indicate that analyzing the expression pattern of each connexin and its regulatory mechanism is informative for understanding of the physiological role of the gap junctions they form.
In contrast to the extensive research on ovarian gap junctions in rodent systems, similar research in domestic animals has been limited. To understand the properties of gap junctions in the ovarian follicles of nonro- Figure 4 . Expression of connexin-45 (CX45)/gap junction protein, gamma 1 (GJC1) and connexin-60 (CX60)/gap junction protein, alpha 10 (GJA10) in porcine oocytes. A) In situ hybridization using porcine ovarian sections. The expression of GJC1, GJA10, and gap junction protein, alpha 4 (GJA4) mRNA was examined with digoxigenin-labeled antisense or sense probes specific for each gene. Representative data with follicles from 3 different stages are shown. Bars, 100 μm. B) Immunofluorescence for CX45 and CX60 in porcine follicles. Sections containing follicles were prepared and stained with 4′,6-diamino-2-phenylindole (DAPI) or the indicated antibodies, as described in the Materials and Methods. Bars, 200 μm. Color version available in the online PDF.
Connexin-45 and connexin-60 in porcine oocytes dent mammals, we systematically searched for connexin genes expressed in porcine follicle cells in our previous studies (Itahana et al., 1996 (Itahana et al., , 1998 . Here, we searched for connexin genes expressed in porcine oocytes and identified GJC1 and GJA10. Expression of these genes in oocytes was confirmed by RT-PCR and also by in situ hybridization, and immunofluorescence on sectioned porcine ovaries. The expression of GJC1 mRNA in porcine oocytes was reported previously by Whitworth et al. (2004 Whitworth et al. ( , 2005 using a different approach. Using expressed sequence tag analysis to identify genes expressed in pig reproductive tissues and embryos, Whitworth et al. (2004) identified a clone corresponding to GJC1 that was expressed in germinal vesicle oocytes (Whitworth et al., 2005) . Their quantitative data on the expression level suggested dynamic expression of GJC1 in porcine oocytes. Together with their data, our findings in the current study point to the unique ex- Figure 4 (Continued). Expression of connexin-45 (CX45)/gap junction protein, gamma 1 (GJC1) and connexin-60 (CX60)/gap junction protein, alpha 10 (GJA10) in porcine oocytes. A) In situ hybridization using porcine ovarian sections. The expression of GJC1, GJA10, and gap junction protein, alpha 4 (GJA4) mRNA was examined with digoxigenin-labeled antisense or sense probes specific for each gene. Representative data with follicles from 3 different stages are shown. Bars, 100 μm. B) Immunofluorescence for CX45 and CX60 in porcine follicles. Sections containing follicles were prepared and stained with 4′,6-diamino-2-phenylindole (DAPI) or the indicated antibodies, as described in the Materials and Methods. Bars, 200 μm. Color version available in the online PDF. pression of GJC1, as well as GJA10, in porcine oocytes. Similar analyses of other domestic animals, in conjunction with studies in rodent systems, should contribute to our understanding of the fundamental mechanisms underlying mammalian reproduction.
Detectable mRNA from GJC1 and GJA10 mRNA was found in oocytes from at least 3 different stages: pre-antral, and early antral, and late-antral follicles. Immunofluorescence showed gap junction-like CX60 signal at the interface between oocytes and cumulus cells and also diffuse staining in cumulus cells, consistent with in situ hybridization results here and in previous studies (Itahana et al., 1998) . The CX45 signal, on the other hand, was observed not only at the surface, but also in the ooplasm. Interestingly, a similar pattern of localization was reported for CX37 in bovine oocytes (Nuttinck et al., 2000) . It has been suggested that the profile may reflect the status of CX37 in storage or assembly (Simon et al., 1997) . These results indicate that CX45 and CX60 may possess different properties or play distinct roles in oogenesis, folliculogenesis, or both, despite their similar expression profiles. Further studies are needed to clarify these points.
It has been reported that CX37 is expressed in the oocytes of many other species, such as mouse, rat, sheep, and cow (Nuttinck et al., 2000; Granot et al., 2002; Borowczyk et al., 2006) and has an essential role in mouse oogenesis (Simon et al., 1997; Juneja et al., 1999; Veitch et al., 2004; Li et al., 2007) . However, we did not detect the expression of GJA4/CX37 in porcine oocytes at the mRNA or protein level under conditions that revealed GJC1/CX45 and GJA10/CX60 expression. Nonetheless, because CX37 expression in bovine and sheep ovaries is known to change during folliculogenesis and oogenesis (Nuttinck et al., 2000; Borowczyk et al., 2006) , it is possible that CX37 is expressed at a specific stage other than the stages that we examined . Expression of connexin-37 (CX37)/gap junction protein, alpha 4 (Gja4) and connexin-45 (CX45)/gap junction protein, gamma 1 (Gjc1) in mouse ovarian follicles. A) Sections were prepared from mouse ovaries and stained with antibodies against CX37 or CX45, as described in the Materials and Methods. The IgG was used as a negative control. Bars, 20 μm. B) In situ hybridization using sections prepared as described in A) was performed with the respective antisense or sense probes. Bars, 100 μm (Gjc1); 25 μm (Gja4 sense). Color version available in the online PDF.
in porcine ovaries in the current study, or is present at undetectable quantities in porcine oocytes.
What then is the significance of CX45 and CX60, and not CX37, acting as the major connexins in porcine oocytes? It is possible that this is related to differences between the pig and other species, such as the mouse, in the process of folliculogenesis/oogenesis. For example, it is well known that the components as well as the size of oocytes are not identical between these 2 species (McEvoy et al., 2000) . Meiotic resumption in response to a LH surge takes a longer time in the pig before ovulation (Yokoo and Sato, 2004) . However, it is necessary to identify the gap junctions formed between oocytes and cumulus cells to understand the significance of the expression of these genes in porcine oocytes. We did not observe the expression of CX45 in follicle cells in this study, whereas we previously observed the expression of CX30.3/GJB4 and CX43/GJA1 in addition to CX60/ GJA10 in cumulus cells, indicating that 1 of these connexins contributes to intercellular communication in the porcine oocyte/cumulus cell complex. However, CX45 is unable to form heterochannels with CX30.3 (Cottrell and Burt, 2005) , whereas CX45 and CX43 have been reported to be compatible and to form functional channels, although the gating activity of heterotypic channels was rectified (Elenes et al., 2001 ). On the other hand, both homotypic channels of CX60 and heterotypic channels consisting of CX60 and CX43 appeared to be capable of forming functional GJC in this study. Regarding this, mice lacking CX57, a mouse ortholog of porcine CX60 (Manthey et al., 1999) , did not exhibit any changes in oogenesis/folliculogenesis (Kidder and Mhawi, 2002; Hombach et al., 2004) , calling into question the functional role of CX60 homotypic channels in porcine follicles if CX60 and CX57 are equivalent in their physicochemical properties. Regardless, precise analyses of the regulatory mechanisms of GJA4, GJC1, and GJA10 expression and characterization of gap junction channels containing CX45 and CX60 are needed to better understand the physiological significance of these findings.
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